Lactic acid is a by-product of the work performed by the active muscles during exercise. Measurements of blood lactate levels have long been used as markers of exercise intensity and training progress in competitive swimming, and there are numerous lactate-testing protocols and procedures for competitive athletes. Given the complexity of the parameters involved, considerable controversy surrounds the actual value of these lactate measurements for predicting performance in swimming or monitoring degree of exertion or recovery from intense exercise. It appears, however, that the periodic use of lactate measurements is unequivocally accepted as a measure of training progress (Smith, Norris, & Hogg, 2002) . In other words, blood lactate profiles obtained through standardized testing protocols are being used by coaches and athletes as markers of progress made through a training cycle or as means to determine training intensities (Maglischo, 1993) . Such techniques and protocols have been available for almost 30 years, and their use is commonplace at facilities with specialized scientific personnel, graduate assistants, or research laboratories.
Unfortunately, not all swimmers benefit from such training aids, as the literature offers few but bright insights into the physiological measurements associated with Masters swimmers (Mattern et al., 2003; Reaburn & Mackinnon, 1990; Shephard, Kavanagh, Mertens, Qureshi, & Clark, 1995; Tuuri, Keenan, West, Delany, & Loftin, 2005) . The United States Masters Swimming organization defines Masters athletes as being 18 or over and committed to maintaining a physically active lifestyle for fitness or athletic competition (United States Masters Swimming, 2006) . It is a testament to the quality of the training and the high level of competition that organized swim meets are officially sanctioned by the swimming governing bodies. It is the responsibility of the scientists, coaches, and training staff to provide the highest level of support for these athletes, who work hard to maintain their health and fitness level well into older age. It must be noted that, although some limited work has been conducted in this area, there is much yet to be learned regarding, for example, the best training techniques at various ages, the relationship between training intensity and aging, and the social and psychological factors that influence training and performance for Masters athletes (e.g., Donato et al., 2003) . It is apparent that the availability of training aids will greatly benefit this large population of swimmers, and every effort should be made to increase their accessibility to such resources.
At the same time, it is the responsibility of educators to train the next generation of scientists, clinicians, coaches, and teachers who will be asked to reverse the current trend toward inactivity, obesity, and associated diseases that affect our population. This should be accomplished through transformation of the traditional physical education program of study to a modern exercise-science curriculum, grounded in the latest guidelines in science education. The current standards in science education require investigative experiences for all students, and it is only appropriate to use every possible educational opportunity to include them in the research experience (Stavrianeas & Harmer, 2006) .
Given the fact that many swimmers often lack quality data regarding their training and the need to expose undergraduate students to investigative learning, the main objective of this study was to combine these two objectives by providing undergraduate students with research experiences designed to evaluate the effectiveness of a 2-year training program for swimmers at a small NCAA Division III liberal arts college. I hoped that such measurements would be meaningful and useful to the athletes and their coaches, that the tests would be cost-effective and easy to administer, and that the undergraduate students would benefit greatly from this learning opportunity as they prepare for the next step in their education or professional careers.
Methods
Twelve female college swimmers (age 19 ± 1.2 years) were classified as sprinters (mainly competing in distances less than 200 yd) and endurance swimmers (mainly competing in events longer than 200 yd). The athletes participated in this testing program over a 2-year period. The tests were performed three times during each swimming season, in early December shortly after the team started practicing, in mid-to late January right after their training camp, and in late February before their 2 International Journal of Aquatic Research and Education, Vol. 1, No. 1 [2007] , Art. 7 http://scholarworks.bgsu.edu/ijare/vol1/iss1/7 DOI: 10.25035/ijare.01.01.07 taper period. The swimmers initially performed a 5 × 200 yd swim at progressively higher intensity (Smith et al., 2002) , starting at 60% effort and concluding with 100% effort, with rest intervals of approximately 6 min between swims. At the end of each swim the athletes' heart rate was measured via palpation and recorded.
Approximately 2-4 min after the end of the swim a small blood sample was obtained from a hyperemized earlobe through a heparinized capillary tube (Pyne, 1989) . The blood was then transferred onto disposable lactate strips and analyzed with the use of the Roche Accusport™ Lactate analyzer. The lactate values were recorded, and the results were plotted using Microsoft® Excel® software for the visual identification of the point to be referred to as individual maximal lactate steady state (MLSS), otherwise also known as lactate threshold (LT; see discussion in Weltman, 1995, and references therein) . In subsequent tests the range of intensities was narrower, allowing for a more precise determination of the MLSS. All tests were conducted at the same time of the day and immediately after warm-up to prevent fluctuations in glycogen levels known to influence lactate values (Ivy, Costill, & Maxwell, 1980) .
The LT values and corresponding swim times for each training phase were compared using ANOVA (α = .05). The training intensities averaged from the coach's training log were analyzed for possible correlations between training intensity and improvements in MLSS. All tests were designed and conducted by undergraduate students under my supervision.
Results
Three of the 12 athletes completed the entire 2-year testing cycle, and 9 swimmers completed all the tests for at least one season. These athletes missed one or more session because of illness, injury, or family reasons. The testing protocol yielded a desirable blood lactate curve that allowed for determination of the LT (Figure 1 ). The long layoff from swimming practices associated with a Division III swimming program at a small liberal arts school prevented any conclusions regarding the progression of training from one year to the next. On the other hand, the data yielded significant information regarding the quality of the training program within a single season.
The testing dates corresponded to different phases of training, a fact reflected in the lactate curves (Figure 2 ). More specifically, for the first year of training, the average lactate value at MLSS improved by 0.34 mmol/L from December to January and another 0.26 mmol/L from January to February, for a total improvement of 0.56 mmol/L. Accordingly, the average swim time at MLSS decreased by 3.06 s from December to January and an additional 2.86 s from January to February, for a total decrease of 5.92 s in the 200-yd swim. The results of an ANOVA comparison yielded significant differences between the three dates for both lactate values at MLSS and swim time at MLSS (α = .05), indicating that the training program was successful at improving swim times at MLSS. The values were very similar for the second year, but, unfortunately, these results were not additive.
The relative training intensities for the four different training periods in a season are presented in Table 1 . Training intensities were prescribed based on heart-rate responses to maximal effort in the water. It was not possible to identify any relationship between training intensity and improvements in MLSS, although it was interesting to notice that sprinters exhibited a different pattern of improvement from the distance swimmers (Figure 3) . A Student's t-test comparison (α = .05) revealed differences between the two groups in the timing of the improvements in MLSS. The total monetary expense for the entire project was less than $750, which makes this a relatively inexpensive means to evaluate training progress. Student responses to questionnaires designed to assess their experience and learning outcome reveal a high degree of satisfaction with the experience. Much to our liking, students were able to make connections between the theoretical concepts discussed in the classroom and the practical and methodological issues associated with these tests. An additional benefit was the degree of excitement generated among the students and the swimmers as the "experimenters" frequently interacted with their "participants" to discuss the outcomes of the experiments and exchange information regarding the physiological adaptations associated with training.
Discussion
This study was designed to satisfy two objectives: to explore the use of a low-cost procedure that allows for the monitoring of blood lactate levels for the purpose of improving training in swimming and to expose students in the field of exercise science to the scientific investigative method. The study satisfied both objectives in that students were able to collect and analyze data of high quality. Furthermore, the data were useful to coaches, who were able to better adjust training intensities throughout the training season, and to swimmers, who gained appreciation for the design of training programs. As an added benefit, most swimmers improved their personal times in distances of 200 yd or longer. Because this study did not consider improvements in maximal lactate production and removal, it is not possible to relate our measurements to performance in sprinting events.
Lactate measurements can be conducted during training using portable lactate analyzers. Several such models have existed for a number of years, and most have been validated against more sophisticated enzymatic laboratory protocols. During the pilot phase of this project students compared blood lactate values obtained simultaneously using three separate Accusport lactate analyzers. There were no statistical differences between the three devices (α = .05), and the data were highly correlated (.94 < r < .97). In order to quantify how narrow the margin of error was, students conducted a brief series of experiments comparing the values from the Accusport units with those of a commercially available spectrophotometric assay (Sigma protocol UV 826). Results indicated a high correlation (r = .87) between the two measurements. These results are analogous to the work of Pinnington and Dawson (2001) , who validated the Accusport analyzers against the Analox LM3 lactate analyzer, and of Brinkert, Rommes, and Bakker (1999) , who validated the use of this specific analyzer in the clinical setting.
The design of the testing protocol was appropriate, in that the individual maximal lactate steady state was easily identified in each test. Furthermore, the procedure allowed for easy assessment of fitness improvements throughout the course of the training period. The obvious benefit of such tests is that coaches and swimmers can establish target training intensities, and these targets can be updated as the athletes improve their performance. This periodic assessment of progress can be made reliably at a reasonable cost and with a reasonable degree of confidence.
Regular physical activity and proper nutrition are the hallmarks of a healthy lifestyle for people of all ages. After the decline of physical education programs in schools and the subsequent alarming rise in childhood obesity and associated diseases, several initiatives have been launched on a regional and national level to promote physical activity. Although many plans target children and teens, other programs provide avenues to adults who wish to engage in exercise programs to increase or maintain their fitness levels or even compete in sports. For example, the American Medical Association consistently reinforces its campaign to promote physical activity throughout the life cycle (Brender, Burke, & Glass, 2006; Torpy, Lynm, & Glass, 2005) . The beneficial effects of regular involvement in exercise for fitness or competition for Masters athletes are clearly demonstrated in the work of Shephard and colleagues (1995) and others (Galloway & Jokl, 2000) . Organizations such as United States Masters Swimming provide resources, support, and guidance for thousands of adults who maintain their health and fitness through swimming (www.usms.org/about.php; Hastings, Cable, & Zahran, 2005) . Furthermore, sociological research indicates that Masters swimmers are just as motivated as elite athletes in choosing to be physically active and to fulfill their social identity through their involvement in swimming (Stevenson, 2002) . It is clear that a coordinated effort at promoting an active lifestyle across the lifespan must include education of the public, availability of facilities, and qualified personnel to assess progress, design exercise programs, and ensure the safety of the participants (Miller, 1999) .
In this project, exercise-science students used the scientific investigative method to demonstrate that it is possible and cost-effective to monitor markers of training progress in swimming. It must be stated that the procedures and equipment used in this project were not novel. On the other hand, the facts that this project was conducted by undergraduate students, it was easy to administer, and it yielded information that was valuable and important to swimmers and athletes cannot be understated. We have demonstrated that it is possible for all recreational and Masters swimmers to use a similar approach to monitor their training. Collaboration with students from local schools is one of the potential avenues that can be explored.
